Hereditary pancreatitis (HP) is characterised by recurrent episodes of acute pancreatitis (AP) that frequently progress to chronic pancreatitis (CP), with exocrine and endocrine insufficiency.^[@bib1],\ [@bib2],\ [@bib3]^ HP is associated with mutations in the human cationic trypsinogen gene (protease serine 1) *PRSS1*.^[@bib4]^ Two mutations most frequently found in HP patients are PRSS1 R122H and N29I.^[@bib5]^ Biochemical studies have demonstrated that both mutations are associated with a 'gain of function\' caused by an increased propensity for trypsin-mediated trypsinogen autoactivation.^[@bib6],\ [@bib7]^ In addition, R122H mutation renders trypsin resistant to auto-hydrolysis, resulting in increased protein stability.^[@bib4],\ [@bib8],\ [@bib9]^ Trypsinogen is an inactive precursor secreted by the acinar cells of the pancreas that is activated by duodenal enterokinase into active trypsin.^[@bib10]^ Trypsin has a key role in digestion due to its ability to activate itself and other pancreatic digestive enzyme precursors. This has led to the hypothesis that inappropriate intra-acinar activation of trypsinogen initiates a cascade that can overwhelm the protective mechanisms of the acinar cell, such as PSTI (pancreatic secretory trypsin inhibitor or SPINK1), which can inhibit up to 20% of trypsin activity,^[@bib11],\ [@bib12],\ [@bib13],\ [@bib14]^ resulting in pancreatitis.^[@bib15],\ [@bib16]^ Once pancreatitis has been initiated, secondary events such as inflammatory cell infiltration, release of pro-inflammatory mediators and cellular death influence the severity of the disease.^[@bib17],\ [@bib18],\ [@bib19]^ Experimental models of AP have shown that acinar cell death can occur via both apoptosis and necrosis, with the latter correlating with a more severe outcome.^[@bib18],\ [@bib20],\ [@bib21]^ Although intra-acinar activation of trypsinogen has been shown in experimental pancreatitis, the exact mechanism of activation and the role of trypsin in development of pancreatitis remain unclear. In an attempt to investigate the role of trypsinogen *in vivo*, Archer *et al.*^[@bib22]^ developed a model based on acinar-specific expression of a mutated mouse trypsinogen gene, equivalent to the human R122H mutation, and reported an early onset of acute pancreatic injury with evidence of fibrotic changes with increased age of animals. Another mouse model based on expression of the R122H mutant of human cationic trypsinogen was also developed; however, these animals failed to develop a spontaneous phenotype possibly due to low transgene expression.^[@bib23]^ The present study was designed to determine whether expression of wild-type (WT) human cationic trypsinogen, *PRSS1,* in the murine pancreas would be sufficient to result in spontaneous pancreatitis, or whether expression of mutant forms of PRSS1 (specifically the HP-associated PRSS1 R122H and N29I) would be necessary to promote disease. We have chosen to base our studies on human trypsinogen (PRSS1) for two main reasons: (1) because of its higher propensity to auto-activate^[@bib24],\ [@bib25]^ compared with other mammalian trypsinogens and (2) because it is unclear which of the known murine trypsinogen genes is the orthologue of *PRSS1*, the main human trypsinogen, mutation of which can cause HP. We show that animals from all three strains are more prone to developing spontaneous pancreatitis and that this is increased following cerulein challenge. Our data demonstrate that expression of the human *PRSS1* gene, whether WT or mutant, predisposes these animals to develop pancreatitis. In addition, our studies suggest that acinar cell apoptosis, rather than necrosis, is associated with transgene expression and thus with the development of pancreatitis in our model system.

Results
=======

PRSS1 transgenic mice express human PRSS1 in a tissue-specific manner
---------------------------------------------------------------------

We generated three transgenic mouse strains Tg(Ela-PRSS1)NV, Tg(Ela-PRSS1\*R122H)NVand Tg(Ela-PRSS1\*N29I)NV that express either WT or one of two mutated forms of PRSS1 (R122H and N29I) in the acinar cells of the pancreas by using a rat elastase promoter to target transgene expression.^[@bib26]^ Hereafter, these strains are referred to collectively as PRSS1 transgenic mice and individually as PRSS1, R122H and N29I, respectively. Founder mice for each strain were identified by Southern blotting (SB) ([Figure 1b](#fig1){ref-type="fig"}), and analysis of transgene expression by western blotting (WB), using an antibody specific for human PRSS1 (AF3848), demonstrated tissue-specific expression of a 32-kDa band corresponding to human PRSS1 that was detectable only in the pancreas and not in other tissues ([Figure 1c](#fig1){ref-type="fig"}). [Figure 1d](#fig1){ref-type="fig"} shows that all three transgenic strains express comparable levels of the PRSS1 transgenes in the pancreas. The antibody used for these WBs is specific for human PRSS1, showing no cross-reactivity to mouse trypsinogen by WB or immunohistochemistry (IHC) analyses ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). We obtained similar results using an haemagglutinin (HA) antibody to detect the transgene product by WB (for example, see Figure 3f). [Figure 1e](#fig1){ref-type="fig"} shows immunohistochemical staining typical of all three strains, obtained using a PRSS1-specific antibody, indicating that the transgene is expressed specifically in acinar cells (see also [Supplementary Figure 1D](#sup1){ref-type="supplementary-material"}). Expression of PRSS1 transgenes, as detected by IHC, was heterogeneous, with some acinar cells exhibiting strong staining, whereas others stained relatively weakly ([Figure 1e](#fig1){ref-type="fig"} and [Supplementary Figure 2](#sup1){ref-type="supplementary-material"}), which is consistent with previous reports of transgene expression from the rat elastase promoter.^[@bib27]^ Interestingly, we did not observe any substantial difference in the overall expression level between animals homozygous or heterozygous for the transgene by WB or by IHC ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). This might be a consequence of the observed heterogenous expression, suggesting either that each individual acinar cell has a differential ability to regulate the transgene expression level, perhaps due to a feedback regulation process that limits the amount of trypsinogen/trypsin expression, or this could be due to destruction of the most highly expressing acinar cells.

Transgene expression is stable and does not appear to change/diminish with age ([Supplementary Figure 2B](#sup1){ref-type="supplementary-material"}). All three strains are genetically stable and have continued to express the transgenes for more than 10 generations. Transgenic proteins are part of the pancreatic secretory pathway, since they are present in pancreatic juice collected from animals that express the transgene, but not in WT littermates ([Figure 1f](#fig1){ref-type="fig"}). We therefore conclude that the expression of each transgene has been successfully targeted to the acinar cells of the pancreas and, furthermore, that the transgenic proteins are secreted via pancreatic secretory pathways.

PRSS1 transgenic mice display histological and immunohistochemical evidence of pancreatitis
-------------------------------------------------------------------------------------------

Transgene-expressing animals demonstrated no gross physical or behavioural differences compared to WT littermates. However, histological examination of the pancreas isolated from transgenic animals revealed pathological changes characteristic of pancreatitis, particularly in ageing (\>9 month) animals. Interestingly, these changes occurred spontaneously in up to 10% of animals expressing all three transgenes ([Figure 2](#fig2){ref-type="fig"}). The earliest anomaly seen was vacuolisation present throughout the pancreas of a majority of transgenic animals, often associated with areas of prominent transgene expression ([Figures 2a and b](#fig2){ref-type="fig"}). In addition, infiltration of the pancreas by inflammatory cells associated with the loss of adjacent acinar cells was frequently observed and typical examples are shown in [Figure 2c](#fig2){ref-type="fig"}. This inflammatory infiltrate coincided with areas in the pancreas where the transgene expression was most visible in the acinar cells ([Figure 2d](#fig2){ref-type="fig"}). Some transgenic animals demonstrated a more severe phenotype with large areas of the pancreas replaced by adipocytes ([Figure 2e](#fig2){ref-type="fig"}) and a surrounding fibrotic reaction identified by Sirius red staining ([Figure 2f](#fig2){ref-type="fig"}). T and B cells, as well as macrophages, often associated with chronic inflammatory lesions,^[@bib28]^ were frequently present in pancreatic parenchyma ([Figures 3a--c](#fig3){ref-type="fig"}). Increased levels of *α*-smooth muscle actin (SMA), an indicator of an active fibrotic process, were observed by IHC in activated pancreatic stellate cells ([Figure 3d](#fig3){ref-type="fig"}) and also by WB in pancreata from animals displaying pancreatitis ([Figure 3e](#fig3){ref-type="fig"}). Minor variations in transgene expression observed on WB ([Figure 3e](#fig3){ref-type="fig"}) did not correlate with the histological findings of pancreatitis in the transgenic animals. Similar results were obtained for all three transgenic strains and we therefore conclude that transgenic animals expressing WT human PRSS1 as well as R122H and N29I mutant forms develop pancreatitis characterised by the presence of vacuolisation of the acinar cells, intralobular inflammatory cell infiltrates and fibrosis.

Since not all animals developed pancreatitis spontaneously, we speculated whether increased levels of SPINK1/PSTI expression, an inhibitor of PRSS1, might have a role in the suppression of this phenotype.^[@bib29]^ Analysis of SPINK3 (the murine homologue of human SPINK1) by WB demonstrated that there was no difference in the expression level between transgenic animals that developed pancreatitis and histologically normal and WT littermates ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}), suggesting that SPINK3 levels do not influence development of pancreatitis in our model system.

Acinar cell architecture is altered by PRSS1 transgene expression
-----------------------------------------------------------------

In order to examine the phenotype of acini in more detail, we analysed ultra-thin sections of pancreas tissue by electron microscopy. Marked differences were observed in the appearance of acinar cells from each of the transgenic strains when compared with the WT ([Figure 4](#fig4){ref-type="fig"}). The most distinctive feature observed was the presence of enlarged, dilated endoplasmic reticula (DER in [Figure 4c](#fig4){ref-type="fig"}). In addition, vacuoles, decondensing zymogen granules and disruption of the apical membranes of acinar cells were observed in each transgenic strain, but not in WT littermates. These data suggest that expression of the WT or mutant human PRSS1 has a detrimental effect on acinar cell architecture.

PRSS1 transgenic mice are sensitised to cerulein-induced pancreatitis
---------------------------------------------------------------------

The transgenic mouse strains we generated are prone to developing pancreatitis and therefore we examined whether expression of WT or mutant human PRSS1 would render them more susceptible to chemically induced pancreatitis. Peritoneal injection of cerulein at a supra-physiological dose (typically 50 *μ*g/kg), has been shown to induce an AP-like phenotype in mice.^[@bib29],\ [@bib30]^ When this dose of cerulein was administered to WT and PRSS1 transgenic strains, we observed no differences in pancreatic response, with comparable numbers of animals developing pancreatitis from each strain (data not shown). However, when these animals were treated with a lower dose of cerulein (20 *μ*g/kg), transgenic animals from each of the three transgenic strains displayed more severe pancreatitis than WT animals, characterised by pancreatic oedema and infiltration of inflammatory cells, determined through histological analysis ([Figure 5a](#fig5){ref-type="fig"}). Quantitative analysis of these parameters^[@bib31]^ demonstrated that the extent of oedema and inflammatory infiltration and the overall histopathological score (oedema, inflammation and necrosis) in animals from each of the three transgenic strains were significantly higher compared with WT animals ([Figures 5b--e](#fig5){ref-type="fig"}), with *P* values for WT *versus* PRSS1/R122H/N29I being respectively: for oedema: *P*=0.0064/0.0219/0.011, for inflammation: *P*=0.0029/0.0397/0.0017, and for overall histopathological score: *P*=0.0111/0.0191/0.0038. With respect to necrosis, only the R122H strain displayed a statistically significant increase (*P*=0.0197) following cerulein treatment compared with WT animals ([Figure 5d](#fig5){ref-type="fig"}). This suggests that necrosis is not the predominant mode of cell death following the onset of pancreatitis in PRSS1 transgenic mice, since only one strain displays increased necrosis, but all three strains develop pancreatitis comparably. In addition, amylase levels were not significantly different between transgenic and WT animals, both with and without cerulein treatment ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}). There is, however, a statistically significant difference between basal levels of trypsin activity (i.e. without cerulein treatment) between each of three transgenic strains and WT animals (*P*=0.0088/0.0363/0.0153 for the WT *versus* PRSS1/R122H/N29I, respectively), which disappears following cerulein treatment as [Figure 5f](#fig5){ref-type="fig"} shows. It is not clear why there was a reduction in trypsin activity in the PRSS1 animals treated with cerulein compared with the untreated group. Taking these observations together, we conclude that animals from each of the three transgenic strains express higher basal levels of trypsin and thus are primed to develop more severe pancreatitis upon treatment with cerulein than the WT animals, as indicated by the significantly higher score for oedema, inflammation and overall histopathological score.

Acinar cells from PRSS1 transgenic mice display increased apoptosis
-------------------------------------------------------------------

There is evidence that the balance between apoptosis and necrosis might determine the severity of AP that occurs in response to acinar cell injury.^[@bib21]^ Our studies of cerulein-induced pancreatitis demonstrate that there is very little difference in necrosis between transgenic and WT animals, suggesting that changes in necrosis are unlikely to mediate acinar cell death leading to pancreatitis in these animals.

To examine the role of apoptosis in more detail, sections of pancreatic tissue from 9.5-month-old untreated transgenic animals and WT littermates were stained with antibodies specific for a cleaved form of caspase-3, an indicator of apoptosis,^[@bib32],\ [@bib33]^ and representative images of the IHC are shown in [Figure 6a](#fig6){ref-type="fig"}. Analysis of cleaved caspase-3 staining showed that significantly more cells stained positively in all three of the transgenic strains when compared with WT animals (*P*=0.0029/0.0014/0.0041 for the WT *versus* PRSS1/R122H/N29I, respectively) ([Figure 6b](#fig6){ref-type="fig"}). In addition, we have also analysed apoptosis using TUNEL assay on pancreatic tissue sections ([Figure 6c](#fig6){ref-type="fig"}). Quantification for these assay data confirmed that there were more apoptotic cells in each of our transgenic strains than in WT animals (*P*=0.0071/0.0014/0.0002 for the WT *versus* PRSS1/R122H/N29I, respectively) ([Figure 6d](#fig6){ref-type="fig"}). Therefore, using two independent methods, we demonstrated that there is more spontaneous apoptosis in pancreatic tissue from each of our transgenic strains, than in a matched WT control. These results suggest that the expression of human PRSS1 in the acinar cells, regardless of whether it is WT or a mutated form, induces an apoptotic response in pancreatic tissue.

To further investigate the response of pancreatic acinar cells to injury, we utilised an *in vitro* cell death assay in which isolated acinar cells are exposed to the bile acid taurolithocholic acid sulphate (TLC-S) that causes caspase activation resulting in apoptosis.^[@bib34],\ [@bib35]^ To analyse the apoptotic response, acinar cell clusters isolated from the three transgenic strains or from WT littermate animals were incubated with TLC-S in the presence of R110-aspartic acid amide, a fluorescent indicator-linked caspase substrate.^[@bib34]^ Propidium iodide staining was used to identify necrotic cells, while Hoechst staining was used to visualise cell nuclei ([Figure 7a](#fig7){ref-type="fig"}). As expected, there is a marked increase in the percentage of necrotic and apoptotic cells upon treatment in cells from WT and transgene-expressing animals. However, analysis demonstrates that, with respect to necrosis, acinar cells isolated from each of the three transgenic strains behave in a similar fashion to acinar cells isolated from WT animals ([Figure 7b](#fig7){ref-type="fig"}). In contrast, there is a significant increase in the number of apoptotic cells from the three transgene-expressing strains compared with the WT animals, both with TLC-S treatment (*P*=0.0249/0.0483/0.0186 for the WT *versus* PRSS1/R122H/N29I, respectively) and without (*P*=0.0016/0.0253/1.53 × 10^−5^), as shown in [Figure 7c](#fig7){ref-type="fig"}. We have also analysed apoptosis in isolated acinar cells using TUNEL assay, and representative images from a typical experiment are shown in [Figure 7d](#fig7){ref-type="fig"}. Using this assay, we have observed a statistically significant increase in apoptosis in acinar cells isolated from transgenic animals that were not treated with TLC-S (*P*=0.0367/0.0174/0.0056 for the WT *versus* PRSS1/R122H/N29I, respectively) ([Figure 7e](#fig7){ref-type="fig"}), but not in treated acinar cells. The difference compared with results obtained using the *in vitro* cell death assay might be a consequence of the different methodology utilised or the fact that animals used for TUNEL assay analysis were young. Regardless, using two independent assays we have demonstrated that there is more spontaneous apoptosis in acinar cells isolated from transgenic animals than in WT ones. Thus we conclude that isolated acinar cells recapitulate the behaviour of *in vivo* acinar cells in terms of response to cellular injury. In both systems, the mode of acinar cell death that distinguishes samples from pancreatitis-prone PRSS1 transgene-expressing mice from WT mice is apoptosis, not necrosis.

Discussion
==========

Pancreatitis, whether acute or chronic, is a complex inflammatory disease, with details of the earliest cellular events still to be delineated.^[@bib36],\ [@bib37],\ [@bib38],\ [@bib39],\ [@bib40]^ While premature, intra-acinar activation of trypsinogen is considered to be one of the initiating events in the pathogenesis of pancreatitis, the *in vivo* consequences of *PRSS1* gene mutations remain unclear. In the present study we have generated three transgenic strains of mice: Tg(Ela-PRSS1)NV, Tg(Ela-PRSS1\*R122H)NV and Tg(Ela-PRSS1\*N29I)NV, that express a WT human PRSS1, R122H or N29I mutants, respectively, in the acinar cells of the pancreas. This is the first time that transgenic animals expressing the WT and the two most frequently mutated forms of human cationic trypsinogen detected in HP patients have been generated and analysed. Our data show that each transgene is expressed in a tissue-specific manner restricted to the pancreas, is localised to acinar cells and is part of the pancreatic acinar cell secretory pathway. Moreover, transgene expression in all three transgenic strains analysed does not diminish with the age of animals and has been stable for more than 10 generations. Histological analysis of pancreata isolated from PRSS1 transgene-expressing animals demonstrates that all three strains develop pancreatitis spontaneously, whereas none of their WT littermates do. The pancreatitis that is observed displays major hallmarks of AP and CP, including vacuolisation, intralobular inflammatory infiltrates containing macrophages, T cells and B cells and fibrosis characterised by the presence of activated pancreatic stellate cells. Examination of pancreatic tissue sections by EM shows that the architecture of the apical region of the acinar cell is disrupted in transgenic animals. These data suggest that pancreas-specific expression of the human *PRSS1* gene, regardless of whether it is WT or mutated, promotes pancreatitis and this is the first time that this effect has been observed in an animal model. Clearly, while all of the transgene-expressing animals display pancreatitis following challenge with low-dose cerulein, the incidence of spontaneous pancreatitis indicated incomplete penetrance. One of the possible explanations for the incomplete penetrance seen in transgenic mice might be due to activation of inhibitory or protective mechanisms in acinar cells upon expression of transgenic trypsinogen. It has been suggested that SPINK/PSTI can inhibit up to 20% of the trypsin activity in the pancreas and transgenic studies have demonstrated that PSTI-I expression can reduce the severity of cerulein-induced pancreatitis.^[@bib10],\ [@bib12],\ [@bib29]^ In our model system, however, we see no evidence that SPINK has a role in determining the pathophysiology, as the levels of SPINK3 expression are the same in transgenic animals with pancreatitis and in histologically normal and WT littermates. An alternative possibility might be the heterogeneous nature of transgene expression driven by the elastase promoter, observed by us and others,^[@bib27],\ [@bib41],\ [@bib42]^ which, combined with the overall comparable steady-state expression observed in homozygous and heterozygous animals, may suggest either that each individual acinar cell has the ability to regulate the transgene expression levels, or that the pancreas can tolerate only certain levels of trypsinogen expression. This might be due either to some form of feedback regulation or to destruction of the most highly expressing acinar cells, and further studies will be required to examine these questions.

Animals from all three PRSS1 transgenic strains also develop more severe pancreatitis in response to treatment with a low dose (20 *μ*g/kg) of cerulein, and basal trypsin activity, in the absence of cerulein treatment, is significantly higher in the transgene-expressing strains compared to WT littermates. It seems likely that this raised basal trypsin activity may breach a threshold level above which pancreatic damage ensues and is therefore responsible for the increased severity of pancreatitis seen in transgenic animals. This accords with *in vivo* studies that showed that intra-acinar activation of trypsinogen plays an important role in the initiation of pancreatitis,^[@bib43],\ [@bib44]^ although a recent study has questioned this in chronic pancreatitis.^[@bib45]^

Clinically, most cases of AP are mild, self-limiting events that resolve without long-term consequences for the patient; however, 20% of patients will develop severe AP with evidence of pancreatic necrosis.^[@bib46]^ The underlying mechanism that drives an episode of AP towards pancreatic necrosis in humans remains poorly understood, though animal models have demonstrated that the apoptosis/necrosis ratio varied significantly depending on the type of model studied.^[@bib18]^ We observed significantly higher spontaneous apoptosis in pancreata and in isolated acinar cells isolated from PRSS1 transgenic strains compared with WT animals, suggesting that the expression of human WT or mutated PRSS1 in the acinar cells promotes apoptosis. In contrast, we observed almost no differences in necrosis associated with PRSS1 transgene expression. Therefore, in our model system, apoptosis provides a more likely mechanism of acinar cell death in response to PRSS1 expression. Apoptosis can be a protective mechanism^[@bib21]^ and it is conceivable that this may be a reason we observed the pathological hallmarks of spontaneous AP in only 10% of the transgenic animals. A similar protective mechanism may exist in patients with HP, who, despite carrying the disease-causing mutation in PRSS1 from birth, typically exhibit episodes of AP during adolescence.^[@bib2],\ [@bib3]^ On the other hand, there is evidence that active intra-acinar trypsin may have a protective role in AP.^[@bib38],\ [@bib39],\ [@bib40],\ [@bib47]^ However, more recent studies based on genetically modified mouse models accord with our findings showing that intra-acinar trypsinogen activation is implicated in acinar cell death and that this contributes to pancreatic tissue injury that leads to pancreatitis.^[@bib43],\ [@bib44],\ [@bib48],\ [@bib49]^ Please note that, when using an antibody that crossreacts with human and mouse trypsinogen, the major reactivity detected is the endogenous mouse signal and thus comparatively low levels of human trypsinogen are apparently expressed compared with the endogenous mouse trypsin ([Supplementary Figure 1A](#sup1){ref-type="supplementary-material"}). This argues against the idea that high levels of transgenic protein, *per se*, cause pancreatic damage in this system. However, future studies will be needed to address the mechanism in more detail. Thus, it seems most likely that the small, but significant increase in basal trypsin activity that we have observed ([Figure 5](#fig5){ref-type="fig"}) is responsible for the phenotype observed in transgenic animals.

It is intriguing that we do not see any difference in phenotype between the three transgenic strains. PRSS1 mutations are associated with HP in humans and it would be expected that expression of mutant forms of human PRSS1 in mouse acinar cells would cause pancreatitis. It was more surprising that transgenic mice expressing wt human PRSS1 also developed pancreatitis spontaneously and are sensitised to low-dose cerulein-induced pancreatitis. One possible explanation for this might be a higher propensity of human cationic trypsinogen to auto-activate compared to trypsinogens from other species.^[@bib25]^ As mouse acinar cells have evolved to regulate a less intrinsically auto-activateable form of trypsinogen, it is likely that expression of wt human PRSS1 in murine acinar cells leads to an imbalance in the normal regulation of trypsinogen activity. This conclusion is supported by a significant increase in basal trypsin activity that we have observed in animals expressing wt PRSS1 ([Figure 5](#fig5){ref-type="fig"}).

In conclusion, our findings shed a new light on the role of PRSS1 in acinar response to cellular injury and development of pancreatitis. We have established that expression of human PRSS1 in mouse acinar cells, regardless of whether in WT or mutated form, can promote spontaneous pancreatitis and also increase sensitivity to cerulein-induced pancreatitis. The PRSS1 transgenic strains we have generated may therefore provide useful models for studying early events in pancreatitis, as well an opportunity for developing a pre-clinical testing platform for novel therapeutic approaches.

Materials and Methods
=====================

Construction of transgenes
--------------------------

The first-strand cDNA of WT human *PRSS1* (OMIM ♯276000) was generated by reverse transcription polymerase chain reaction from total human pancreas RNA (Ambion/Life Technologies Ltd., Paisley, UK) using the primer 5′-ACCATGAATCCACTCCTGATCCTT-3′. This strand was used as the template for PCR synthesis of human PRSS1 cDNA using the following set of primers: 5′-GAGAGGATCCCACCATGAATCCACTCCTGATCCTT-3′ and 5′-GAGAGGATCCTCAAAGAGCGTAATCTGGAACATCGTATGGGTAGCTATTGGCAGCTATGGTGTTC-3′ that introduced a *Bam*HI restriction site at the 5′ terminus and a HA tag sequence with *Bam*HI restriction site at the 3′ terminus. This PCR product was subcloned into a vector containing the acinar-specific control region (−500 to +8) of the rat elastase I gene and also the human growth hormone (hGH) 3′ untranslated region (UTR) (+500 to +2657) (a kind gift from Raul Urrutia). The R122H and N29I mutants were generated by PCR mutagenesis using the wtPRSS1 cDNA as the template. The R122H mutation was generated by using a pair of overlapping primers 5′-CGCCCACGTGTCCACCATCTCTCTGCCCACCGCCCCTCCAGCCACTGGCA-3′ and 5′-TGCCAGTGGCTGGAGGGGCGGTGGGCAGAGAGATGGTGGACACGTGGGCG-3′, in combination with primers used for the generation of the wtPRSS1 construct described above. The two resulting PCR products were annealed and used as the template for a final PCR product containing the R122H mutation and also a *Bam*HI site at the 5′ terminus and a HA-tag with *Bam*HI site at the 3′ terminus. The N29I mutation was generated using the primer 5′-GAGAGGATCCCACCATGAATCCACTCCTGATCCTTACCTTTGTGGCAGCTGCTCTTGCTGCCCCCTTTGATGATGATGACAAGATCGTTGGGGGCTACATCTGTGAG-3′ in combination with one of the primers used for the generation of the wtPRSS1 construct described above. All plasmid constructs were sequenced to confirm their identity (Eurofins MWG Operon, London, UK).

Generation of transgenic mice
-----------------------------

Transgenic strains were generated at the University of Liverpool Transgenic Unit. Animal experiments were performed with appropriate approval and licences from the United Kingdom Home Office under the guidelines approved by the University of Liverpool. Mice were housed in cages in climate-controlled rooms with an ambient temperature of 23±2 °C with a 12 : 12 h light--dark cycle. They were fed standard laboratory chow with access to water *ad libitum*. Each transgene was generated by *Hind*III and *Not*I digestion of the transgenic constructs shown in [Figure 1a](#fig1){ref-type="fig"}. The resulting 3.4-kb fragment containing the elastase promoter, the human wtPRSS1 (or one of the mutant alleles) and the human growth hormone polyadenylation signal was microinjected into pronuclei of zygotes isolated from C57Bl/CBA F1 hybrid mice. At least two founder animals for each transgenic strain (Tg(Ela-PRSS1)NV, Tg(Ela-PRSS1\*R122H)NV and Tg(Ela-PRSS1\*N29I)NV) were identified by SB analysis, performed essentially as described previously,^[@bib50]^ using a probe specific for the human *PRSS1* sequence (indicated in [Figure 1a](#fig1){ref-type="fig"}). The transgene copy number for each founder was estimated using SB by comparison with the appropriate transgene copy number controls as shown in [Figure 1b](#fig1){ref-type="fig"}. The founders that displayed one major band, the size of the transgene and only one additional band in SB, suggestive of a single integration site (for example, number 9 for PRSS1 strain, number 7 for R122H strain and number 11 for N29I strain), were chosen for further breeding. SB analysis performed on animals from several consecutive generations displayed the same banding pattern, indicating that each transgenic line was genetically stable and suggesting that the integrations occurred at single loci. We maintained heterozygous inter-crosses for each strain throughout the project to generate littermates for further analysis, but also to identify potential homozygous animals that were confirmed to be homozygous by repeated matings onto the C57Bl6 background (all offsprings were positive for the presence of transgene (i.e., they were heterozygous)). Once a stable transgenic line was established for each strain, PCR analysis was used for routine screening of the animals using the following primers: 5′-GAGAGGATCCTCAAAGAGCGTAATCTGGAACATCGT-3′ and 5′-GAGAGGATCCCACCATGAATCCACTCCTGATCCTT-3′. Unless otherwise stated, age-matched transgenic mice were compared with mice of the same genetic background (littermates) lacking the transgene, referred to as WT.

Western blot analysis
---------------------

Proteins were extracted from tissue samples using the procedures described previously.^[@bib27]^ Briefly, snap-frozen tissue samples were homogenised under liquid nitrogen using a pestle and mortar. The homogenised tissue was resuspended in buffer containing 20 mM HEPES, 25% glycerol, 0.42 M NaCl, 1.5 mM MgCl~2~, 0.2 mM EDTA, 1 mM DTT, 1 mM PMSF and the following protease inhibitors: aprotinin (2 *μ*g/ml), leupeptin (0.5 *μ*g/ml), pepstatin A (1 *μ*g/ml) and soybean trypsin inhibitor (100 *μ*g/ml), subjected to three freeze/thaw cycles, and then following clarification by centrifugation the supernatant was collected as the total protein extract. For western blot analysis, typically 50 *μ*g of total protein was separated by SDS-PAGE, transferred onto Hybond ECL nitrocellulose membrane (GE Healthcare, Little Chalfont, UK), probed with specific antibodies and the signal detected by Western Lightning chemilluminescence reagent (Perkin Elmer, Cambridge, UK) as described previously.^[@bib51]^ The antibodies used recognised as follows: HA: 16B12 (Cambridge Biosciences, Cambridge, UK), human PRSS1: AF3848 (R&D Systems, Abingdon, UK), *β* actin: AC-15 (Sigma, Poole, UK), *α*-tubulin DM1A (Sigma), *α*-smooth muscle actin: ab 5694 (Abcam, Cambridge, UK) and SPINK3 (kind gift from Walter Halangk).

Histological and immunohistochemical analysis
---------------------------------------------

Mice were killed at the specified times or upon onset of apparent signs of morbidity. Tissue samples were fixed in 10% formalin and embedded in paraffin, sectioned at 5 *μ*m and processed for haematoxylin and eosin (H&E) staining. The slides were coded and submitted to a blind grading of the severity of pancreatitis, with concordance among two individual investigators.^[@bib31]^ Sirius red staining for collagen was performed to evaluate the extent of fibrosis, as previously described.^[@bib52]^ Immunohistochemical staining was performed using primary antibodies specific for human PRSS1: AF3848 (R&D Systems), CD3: MCA1477 (AbD Serotec, Oxford, UK), CD20: M-20 (Santa Cruz Biotechnology Inc., Heidelberg, Germany), smooth muscle actin: 1AF (Sigma), F4/80: A3-1 (Abcam) and cleaved Caspase-3 (Cell Signaling Technology, Danvers, MA, USA). Unless stated otherwise, antigen retrieval was performed by boiling slides in citrate buffer (10 mM citric acid, pH 6.0) or Tris-EDTA buffer (10 mM Tris base, 1 mM EDTA, 0.05% Tween 20, pH 9.0) for 15 min. Primary antibodies and biotinylated secondary antibodies were diluted in 2.5% normal serum in PBS and incubated for 30 min at room temperature. Following this the slides were incubated with Vectastain ABC reagent and DAB peroxidise substrate kit (both from Vector Laboratories Ltd., Peterborough, UK), counterstained with haematoxylin and mounted for viewing.

Electron microscopy
-------------------

For electron microscopy, thinly sliced sections of the pancreas (∼1 mm thick) were fixed for 1 h in 4% (w/v) paraformaldehyde and 2.5% (v/v) glutaraldehyde (both from Sigma) at room temperature before additional fixation in 1% (w/v) osmium tetroxide and further staining in 0.5% (w/v) uranyl acetate (both from TAAB Laboratory Equipment Ltd, Reading, UK). The sections were then dehydrated through a series of graded ethanol concentrations, before flat embedding in Agar 100 epoxy resin. After polymerising for 2 days, ultrathin sections (60--80 nm) were cut on a Leica EM UC6 ultramicrotome and transferred onto formvar-coated 200 *μ*m mesh copper grids (Agar Scientific, Stansted, UK). These were counterstained with 4% uranyl acetate and Reynolds lead citrate before visualisation at 100 kV on a FEI Technai 120 KV G2 Spirit BioTWIN electron microscope (FEI, Eindhoven, The Netherlands). Digital images were taken up to × 87 000 magnification and captured using a SIS Megaview III camera (Olympus, Hamburg, Germany) and analysed using AnalySIS Pro software (Olympus).

Induction of pancreatitis by cerulein treatment
-----------------------------------------------

For induction of pancreatitis, approximately 10-month-old transgenic or WT animals of the same genetic background (5--10 animals per experimental group) were fasted for 12--16 h before each experiment with free access to water. Mice were administered hourly seven consecutive intraperitoneal injections of the pancreatic secretagogue cerulein (Sigma) at a dose of 20 or 50 *μ*g/kg as indicated. Animals were killed 12 h after the first injection. Blood samples were obtained by cardiac puncture for serum amylase determination and the pancreata removed, weighed and fixed in formalin for H&E staining and histological examination. To assess the severity of cerulein-induced pancreatitis, H&E-stained tissue sections from all experimental groups were graded by two blinded independent observers, using the method described previously.^[@bib31]^ Briefly, for each parameter (oedema, inflammatory cell infiltrate and necrosis) ten fields were randomly chosen, scored and the average score was used for data analysis. The overall histopathological score was calculated as the sum of these three parameters, with each contributing equally to the total score.

*In vitro* cell death assay
---------------------------

*In vitro* cell death assay was performed essentially as described previously.^[@bib53]^ Briefly, fresh pancreatic acinar cells were isolated with collagenase as described previously,^[@bib54]^ either treated or not with TLC-S for 30 min and activation of the apoptotic pathway was detected with rhodamine 110/aspartic acid amide (20 *μ*mol/l), a fluorescent indicator-linked general caspase substrate.^[@bib34]^ Plasma membrane rupture, characteristic of necrosis, was detected by staining with propidium iodide (PI; 1 *μ*mol/l), while nuclei were visualised with Hoechst 33342 (50 *μ*g/ml). Fluorescence of R110/aspartic acid amide (excitation 488 and emission\>505 nm), PI (excitation 488 and emission 630--693 nm), and Hoechst 33342 (excitation 364 and emission 405--450 nm) was recorded using a 63x C-Apochromat objective (Carl Zeiss Jena GmbH, Jena, Germany). Thirty high-power fields from each experiment were scored, repeated in triplicate. The total number of necrotic or apoptotic cells counted per field was then used to calculate the percentage of necrosis/apoptosis for each field, which was then averaged across all fields.

Analysis of apoptosis using TUNEL assay
---------------------------------------

Fresh pancreatic acinar cells were isolated with collagenase as described previously.^[@bib54]^ Cells obtained from each mouse were divided into one group that was treated with TLC-S and another group that was not. Following this, cells were plated onto three glass coverslips per group per mouse. Cells were fixed in freshly prepared 4% paraformaldehyde in PBS and permealised on ice for 5 min using permeabilisation solution (0.5% triton X-100 in 0.1% sodium-citrate). TUNEL assay was performed using *In Situ* Cell Death Detection Kit with Fluorescein (Roche Applied Sciences, Burgess Hill, UK) following the manufacturer\'s protocol. After TUNEL staining, cells were also stained with Hoescht and coverslips mounted onto slides for analysis. Cells were analysed on a Leica SP2 AOBS confocal microscope (Leica Microsystems, Milton Keynes, UK) and the percentage of apoptotic cells was counted. A cell was considered apoptotic if it had either a TUNEL-positive nucleus or had bright TUNEL-positive vacuole-like round structure(s) originating from nucleus. Sequential 405 nm excitation/420--470 nm emission and 496 nm excitation/510--550 emission was used for Hoescht and fluorescein-tagged TUNEL imaging, respectively.

TUNEL assay analysis of pancreatic tissue sections (6 animals per each group of animals that were analysed, two tissue sections per each animal) was performed using TACS^R^ 2 TdT-DAB *In Situ* Apoptosis Detection Kit (Trevigen Inc., Gaithersburg, MD, USA) following the manufacturer\'s protocol. Briefly, paraffin-embedded pancreas tissue was sliced into 6 *μ*m thick sections and mounted onto pretreated slides. Sections were then deparaffinised, TUNEL stained and counter-stained in Methyl Green before coverslips were being mounted. The number of positive TUNEL-stained cells per tissue section was determined using Nikon E-800 Eclipse microscope (Nikon, Kingston Upon Thames, UK) and images taken using SPOT RT Colour camera with Metamorph Software (Molecular Devices, Sunnyvale, CA, USA).

Statistical analysis
--------------------

Results were expressed as mean±standard error of the mean from multiple separate experiments. Statistical analysis was performed using *t-*tests with SPSS version 16 software (IBM, Portsmouth, UK). Statistical significance was set at *P* values \<0.05.
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![Transgene structure, screening and expression analysis. (**a**) Schematic representation of transgene constructs used for generation of PRSS1, R122H and N29I strains. Elements labelled are: rat elastase promoter (Ela), cDNA for human PRSS1 gene/mutant R122H or mutant N29I, respectively, with carboxy-terminal haemagglutinin epitope-tag (PRSS1/R122H/N29I-HA), and human growth hormone polyadenylation signal (hGH-polyA). Also indicated are restriction enzyme sites used for generation of transgene (*Hin*dIII and *Not*I) and in SB screening (*Stu*I) and the location of the probe used for SB. (**b**) Identification of founder animals for each transgenic strain by SB using the radioactively labelled probe indicated in (**a**). (**c**) WB analysis of tissues isolated from a 3-month-old PRSS1 heterozygous animal showing that the transgene is expressed in pancreatic tissue only. (**d**) WB analysis showing comparable levels of transgene expression in pancreatic tissue isolated from 6-month-old heterozygous animals from each PRSS1 transgenic strain as indicated, compared with WT. For **c** and **d**, samples were probed as indicated with antibodies specific (see [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}) for PRSS1 (AF3848) or *β* actin (AC-15) as a loading control. (**e**) Immunohistochemical detection of acinar-specific transgene expression using anti-PRSS1 antibody AF3848. Magnification was × 200. Insert in **e** shows that transgene is expressed in acinar cell granules. (**f**) WB analysis showing that the transgene is expressed in pancreatic juice isolated from 6-month-old R122H homozygous animal (R122H), but not in WT animals. H.R.T., human recombinant trypsinogen, used as a positive control. M, molecular weight marker (kDa)](cddis2014120f1){#fig1}

![Histological analysis of PRSS1 transgenic animals. (**a**) Representative images of H&E-stained tissue sections of pancreatic tissue isolated from 6-month-old heterozygous animals from each transgenic strain, as indicated, showing examples of vacuolisation that was not present in matchedWT control. (**b**) Immunohistochemical analysis of the animals analysed in (**a**) using a PRSS1-specific antibody (AF3848) showing co-localisation between vacuolisation and transgene expression and absence of staining in WT control. (**c**) Representative images of H&E-stained pancreatic tissue sections isolated from 16-month-old heterozygous animals from each transgenic strain showing infiltration of the pancreas by inflammatory cells associated with the loss of adjacent acinar cells that was not detected in WT control. (**d**) Immunohistochemical analysis of the same animals analysed in (**c**) showing that the inflammatory infiltrate coincides with areas of high transgene expression. (**e**) Representative images of H&E-stained pancreatic tissue sections isolated from 8-month-old homozygous animals from each transgenic strain showing adipose atrophy that was not detected in WT control. (**f**) Sirius red staining of pancreatic tissue isolated from 12-month-old heterozygous animals from each transgenic strain, showing collagen deposits (red) in the fibrotic reaction resulting from destruction of acinar tissue that was not detected in WT control. Original magnification × 200](cddis2014120f2){#fig2}

![Immunohistochemical analysis of inflammatory lesions observed in pancreatic tissues from PRSS1 transgenic mice. Immunohistochemical analysis of inflammatory infiltrates in 8.5-month-old heterozygous animals from each transgenic strain and age-matched WT control, as indicated, using cell-type-specific marker antibodies for: (**a**) T cells (CD3), (**b**) B cells (CD20), (**c**) macrophages (F4/80) and (**d**) activated pancreatic stellate cells (PSCs), identified by staining for alpha-smooth muscle actin (α-SMA). Insets represent magnified areas of the photomicrographs (original magnification × 200). (**e**) WB analysis of pancreatic tissue isolated from littermates derived from an intercross of PRSS1 heterozygous animals using antibodies specific for *α*-SMA, HA and *β* actin as indicated. Please note that the same blot was probed for SPINK3, shown in [Supplementary Figure 3](#sup1){ref-type="supplementary-material"}. P=animal with pancreatitis observed by histological analysis; N, histologically normal animal; wt, wild-type animal of the same genetic background; M, molecular weight marker (kDa)](cddis2014120f3){#fig3}

![Acinar cell architecture is altered by PRSS1 transgene expression. Pancreatic tissue sections from (**a**) wild-type (WT), (**b**) PRSS1, (**c**) R122H and (**d**) N29I animals were analysed by electron microscopy. Features characteristic of the disruption of acinar cell cyto-architecture are indicated by arrows and magnified in the inset of each image: normal granules (NG), large vacuoles (LV), multi-vesicular body (MVB), lumen (LM), dilated endoplasmic reticulum (DER), decondensing granule (DG) and disruption of the apical membrane (DAM)](cddis2014120f4){#fig4}

![Analysis of cerulein-induced pancreatitis in PRSS1 transgenic mice. (**a**) Representative images of H&E-stained tissue sections isolated from animals from each transgenic strain and age-matched WT control, as indicated, in the absence (--CER) and presence (+ CER) of cerulein treatment (20 *μ*g/kg). Original magnification × 200. Histological score examination of WT and transgenic animals for (**b**) oedema, (**c**) inflammation, (**d**) necrosis and (**e**) overall histopathological score.^[@bib31]^ (**f**) Analysis of trypsin activity from pancreata isolated from wild-type and transgenic animals in the absence and presence of cerulein treatment. All animals analysed were 10 months old and derived from intercross mating of heterozygous animals from each transgenic strain as indicated](cddis2014120f5){#fig5}

![Analysis of cell death in PRSS1 transgenic mice pancreatic tissue sections. (**a**) Representative images of immunohistochemical analysis of pancreatic tissue sections isolated from animals from each transgenic strain and matched wild-type (WT) control, as indicated, using antibodies specific for cleaved caspase-3. Original magnification × 200. (**b**) Quantification of immunohistochemical detection of cleaved caspase-3. (**c**) Representative images of TUNEL analysis of pancreatic tissue sections isolated from animals from each transgenic strain and matched WT control, as indicated. Insets represent magnified areas of the photomicrographs showing punctuate TUNEL-positive staining characteristic of an apoptotic cell (original magnification × 200). (**d**) Quantification of TUNEL assay data](cddis2014120f6){#fig6}

![Analysis of cell death in acinar cells isolated from PRSS1 transgenic mice. (**a**) Representative images from a typical experiment using an *in vitro* cell death assay^[@bib34],\ [@bib35]^ to examine isolated acinar cells showing bright field image of cells (i), green fluorescent protein (GFP)-labelled cells with cleaved caspase substrate (ii), nuclei stained with Hoeschst (iii) and necrotic cells stained with propidium iodide (iv). Quantification of necrosis (**b**) and apoptosis (**c**) observed in acinar cells isolated from WT and transgenic animals. All animals analysed were approximately 8.5 months old and derived from intercross mating of heterozygous animals from each transgenic strain as indicated. WT animals are littermates negative for the presence of the transgene. (**d**) Representative images from a typical TUNEL assay performed on isolated acinar showing bright-field image of cells (i), fluorescein-labelled cells using TUNEL assay kit (ii), nuclei stained with Hoeschst (iii) and an overlay of the images shown in ii and iii (iv). (**e**) Quantification of apoptosis using TUNEL assay performed on isolated acinar cells. All animals analysed were approximately 7 months old and derived from intercross mating of heterozygous animals from each transgenic strain as indicated. WT animals are littermates negative for the presence of the transgene](cddis2014120f7){#fig7}
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